Industrial robots, generally, are composed of architecture with serial manipulators having large workspace but these suffer from several drawbacks, such as low accuracy and low load-carrying capacity. Similarly, the parallel architecture robots have better accuracy but small workspace. Therefore, the combination of serial and parallel chain architectures has become attractive as hybrid manipulators over the last two decades. A planar hybrid manipulator is proposed here and this is made by placing a planar parallel manipulator, having three degrees of freedom, each over the other in series so as to increase its load-carrying capacity and then it is modeled with the help of the bond graph approach. The human vertebrae are considered as a hybrid manipulator in this paper. The translation of the human vertebrae model on the frontal plane and lateral bending in the right-and left-hand directions are proposed here to increase the flexibility of the body part of humanoid robots used in industries and sports so that they can execute spine bending activities. The forward and inverse models for the manipulator are presented and the system inversion is carried out through the overwhelming controller. Finally, the simulation results for trajectory tracking of left-hand lateral bending in the frontal plane is done with or without the consideration of leg inertia and conclusions are presented to show that response follows the command within acceptable limits.
Introduction
Most industrial manipulators have a serial kinematic architecture, resulting in a cantilever-type structure. This type of architecture is most suitable for tasks involving a large working volume, for example, painting in the automotive industry. This cantilever structure often suffers from a lack of rigidity and introduces positioning inaccuracies and undesired dynamical side effects, such as low-frequency oscillations, and it also has low nominal load-to-weight ratio. Parallel manipulators have large advantages as compared to serial manipulators, as they have very high loadcarrying capacity compared to the weight of the manipulator and positioning capability as the result of its structural rigidity. However this type of architecture has a small workspace with respect to the size of the manipulator.
In the 1990s, robotic mechanisms were considered mainly with hybrid geometry containing both the serial and parallel-chain modules, which are connected either in series or in parallel. Based on their definitions in the literature, current hybrid manipulators can be categorized into two main groups: the hybrid parallel-serial chain with parallel modules connected in series and the hybrid seriesparallel chain containing parallel modules connected in series by serial sub chains. 1 Keeping in view the opposite advantages of both serial and parallel chain manipulators, it is important to have a design that includes both chains in the form of a hybrid structure. A hybrid manipulator can have the accuracy and stiffness of a parallel manipulator and the workspace of a serial manipulator. Also, new methods are provided to make the design of robotic devices, such as multiple-cooperating manipulators, multi fingered grippers, and walking machines. So, if one looks into this as a rich source of different designs, the examples of these structures in the locomotion system of humans and animals are found. Different types of humanoid robots have been developed for industrial applications and sports and games. However, the main drawback for these types of robots is that the body part is generally rigid. For the application of these robots to execute spine bending sports activities, such as the pole vault, back vault, high jump, etc., the body part must be made of flexible articulated components. To increase the flexibility of these robots, the human vertebrae model with flexibility may be implemented. The compression, decompression, and lateral bending of human vertebrae on the frontal plane are mainly controlled by contraction and extension of one of the erector spine muscles. Hence, a biologically inspired flexible robot with an articulated vertebrae structure (such as human vertebrae or an elephant's trunk) is proposed here and its motion in a plane is considered. The human vertebrae are considered as a hybrid manipulator where each vertebral unit is considered as a parallel manipulator and one vertebra is placed over others in series. The functional spine unit (FSU) along with spine muscle can be treated as the actuators, and position sensors are required for online monitoring of the humanoid robot body with the vertebrae structure. The inverse model of this system along with the high gain overwhelming controller (which remains in the computational domain) will control the motion of this artificial human body with vertebrae as per the requirements. This robot may have better dexterity in comparison to existing humanoid robots. The model presented in this paper is a hybrid parallel-series manipulator where one parallel manipulator with three degrees of freedom (DOFs) is supported on the other parallel manipulator in series. The parallel manipulator has three prismatic legs that connect the upper and lower platforms.
Another practical example is the hand of a human being. The human hand is a complex array of bones considered as links, joints, and a collection of parallel controlled actuators in the form of muscles and tendons that, together, form a hybrid structure. In a hand's structure, this combination leads to a highly dexterous and redundant system that moves quickly, performs tasks of high precision, and carries heavy loads inside a very large workspace. 3 and CaHyMan (Cassino Hybrid Manipulator) from the Laboratory of Robotics and Mechatronics in Cassino (Italy). 4 A prototype of a three-degree-of-freedom (3-DOF) articulated spine for the doll-shaped humanoid robot Robota is presented by Roos et al. 5 to have a robot with realistic human features, such as rotation of the shoulder and bending of the spine. The complete spine is composed of four vertebrae, linked through a spherical bearing. Mizuuchi et al. 6 presented the development and control of the posture of the spine for a human form robot by embedding a multi DOF soft structure into a robot body as a spine so that its ability to absorb shock and the ability to work in narrow places increases.
Much research exists on trajectory planning for hybrid manipulators. A hybrid structure with redundant axes is proposed by Harib et al., 7 which consists of a parallel structure and a series manipulator. The trajectory planning was done to define three extra coordinates out of the eight coordinates possessed by it, which are not defined by conventional part programming. Gómez-Bravo et al. 8 presented a collision-free trajectory planning for hybrid manipulators and implemented it on a hybrid robot that was composed of an industrial SCARA robot and CaPaMan (Cassino Parallel Manipulator) designed and built at LARM, Italy. The trajectory tracking of the feed support system (FSS) of a 500 m aperture spherical radio telescope (FAST) consisting of a cable-driven parallel manipulator, a rotation mechanism, and a Gough-Stewart platform was carried out 9 as it is a multi-level redundant support manipulator. On the basis of this, a FSS prototype can be designed. Gasparetto and Zanotto 10 proposed a new method to set kinematic constraints on the motion of the robot to optimize the trajectory planning. The trajectory was composed by means of fifth-order B-splines connecting pairs of consecutive via points. The objective of this paper is to track the trajectory by a hybrid manipulator composed of two parallel manipulators connected in series by considering the example of a human spinal cord.
The equations of motion for a parallel manipulator can be obtained by Lagrange's equation, the Newton-Euler approach, virtual work principle, etc. Bond graph modeling is used in this paper [11] [12] [13] as it describes the exchange of information when a system includes sensors, actuators, and control systems. 14, 15 The bond graph is a graphical representation of system dynamics that reveals the interaction of energy between the various elements of a system having different energy domains. 16 It is a very powerful tool in modeling complex systems. The dynamical models of full and reduced order for a parallel manipulator were developed using the bond graph 17 and simulations were performed. Similarly, dynamic modeling of a generalized Stewart platform was done using the bond graph approach 18 with a new spatial visualization method and state-space representation was done for the dynamic equations of the system. The inverse model for a parallel manipulator is developed easily by the bond graph method by Bera and Samantaray. 19 So, the bond graph approach is used here to model the forward and inverse dynamics of the hybrid manipulator, which otherwise is difficult using any other tool because of the complex dynamics.
For robust trajectory tracking, an overwhelming control scheme is used 11 as it has a higher trajectory tracking accuracy and it easily solves the inverse dynamics of the model, which otherwise is difficult due to friction and other external disturbances. The overwhelming control scheme based on the bond graph model was used by Bera et al. 20 for developing the inverse model of a planar parallel manipulator system used in a vehicle simulator. The representation of the inverse system by the bond graph model is difficult by direct causality. To overcome this problem, bicausal bond graphs were used. 21 Therefore, the overwhelming control strategy is used in this paper to combine the forward and inverse models.
The structure of the paper is as follows. In Section 2, the structure of the human vertebrae of a spinal cord is discussed. The bond graph model of a planar hybrid manipulator is shown in Section 3, where forward models without inertia and with inertia are presented. In Section 4, the inversion of the system with an overwhelming controller is discussed with the help of a pedagogical example. Then the inverse model of a planar hybrid manipulator is presented in Section 5. Finally, the simulation results for the trajectory tracking and effect of leg inertia are shown in Section 6.
Structure of a human vertebrae
The spine has some discrete elements known as vertebrae, 22 which are joined by passive ligamentous restraints, whereas intervertebral discs and articulating joints separate them and muscular activation dynamically controls it. The spinal cord is classified broadly into five regions: the cervical spine, the thoracic spine, the lumbar spine, the sacrum, and the coccyx, out of which only first three regions are considered here, as shown in Figure 1 (a). The cervical spine (C-spine) consists of seven vertebrae (C 1 -C 7 ) in all mammals, the thoracic spine (T-spine) consists of 12 vertebrae (T 1 -T 12 ), and the lumbar spine (L-spine) consists of five vertebrae (L 1 -L 5 ) in humans. The spine as a complete structure can undergo axial, lateral, and sagittal rotations and axial, lateral, and anteroposterior translations. Thus, the spine possesses six DOFs. 22 A FSU comprises a superior vertebra, intervertebral disc, and inferior vertebra osteoligamentous unit. A FSU, therefore, possesses six DOFs as well and is the basic unit of study of the spine. One vertebra moves relative to other; hence, the motion of the FSU is explained in this section. This FSU along with the intervertebral soft part and the body muscle are the three linear actuators represented in Figure 2 (a). Each vertebral unit can be considered as a parallel manipulator and because one vertebra is placed over the other in series, the human vertebrae is considered as a hybrid manipulator. Figure 1 (b) shows a single vertebra with translations and rotations in various planes. The movements of the vertebra around an axis are known as rotational movement. 23 There is a change in the orientation of the vertebra due to all rotations. The movements of the whole vertebra by the same amount in a given direction are referred to as translational movement, which cause no change in the orientation of the vertebra. The horizontal plane is called the transverse plane and the vertical plane parallel to the human face is called the frontal plane. The plane perpendicular to both the frontal and transverse planes is known as the sagittal plane. The translations in the x-direction are known as right-and left-hand lateral shear in the right and left directions, respectively. The rotation about the x-axis in the clockwise direction is referred to as extension and in the anti-clockwise direction is referred to as flexion and is denoted by _ u x . Similarly, the translations in the y-direction are known as compression and decompression in upward and downward directions, respectively. The rotation about the y-axis in the clockwise direction is referred as right-hand axial rotation and in the anti-clockwise direction is referred to as left-hand axial rotation and is denoted by _ u y . Posterior shear and anterior shear are referred as the translations in the z-direction in the inner and outer directions, respectively. The rotation about the z-axis is denoted by _ u z and is referred as left-hand lateral bending in the clockwise direction and right-hand lateral bending in the anti-clockwise direction.
Model of the planar hybrid manipulator 3.1 Kinematic model
The motion considered is translation (compression and decompression) on the frontal plane with right-and lefthand lateral bending about the z-axis as the planar hybrid manipulator with 3-DOF is the main consideration of this paper. Other DOFs shown in Figure 1 (b) are not considered in this paper. The schematic model of the planar hybrid manipulator is shown in Figure 2 (a) where one parallel manipulator is supported on other manipulators in series. The legs are prismatic pairs and each joint is considered as a pin joint. The center of gravity, that is, point ''g'' is assumed to be in the center of line ''ab'', which makes an angle u with the horizontal axis. The lengths of segments ''ag'' and ''bg'' are taken as S 1 and S 2 , respectively. For the lower manipulator, a fixed base ''ce'' supports the moving platform ''ab'' through three legs, that is, ''ac,'' ''ad,'' and ''be.'' Points ''a'' and ''b'', which support the platform, have linear velocities with _
Þ; and _ x e; _ y e À Á , respectively. The moving platform ''ab'' of the lower manipulator becomes base ''ce'' for the upper manipulator and it moves platform ''ab.'' In an inertial frame, the velocities of points ''a'' and ''b'' are written in the form of linear velocities of point ''g'' in the x-y plane _ x g ; _ y g and the rotational velocity of the center of gravity about the z-axis _ ug À Á is as follows:
Bond graph model
The word bond graph model of the planar hybrid manipulator and controller is shown in Figure 2(b) , where the forward and inverse models are combined for the trajectory tracking of the hybrid manipulator. The forward (plant) model for the hybrid manipulator is shown in Figure 3 and the inverse controller for the hybrid manipulator is shown in Figure 8 . The reference positions x g ; y g ; u g À Á are fed to the controller model. The flow inputs for points ''c,'' ''d,'' and ''e'' of the actuators of the lowermost plant are set to zero, as these points are fixed to the ground. The effort outputs from the controller model for the three legs are taken as inputs for the plant model. Points ''a,'' ''g,'' and ''b,'' located on the moving platform of the previous plant, are connected to ''c,'' ''d,'' and ''e,'' respectively, of the actuators of the next plant. Separate controllers are used for each segment of human vertebrates, as shown in Figure  2 (b), but the inverse controller model is the same for every segment, as shown in Figure 8 .
In the forward model, the linear velocities _ x g ; _ y g are represented by junctions 1 _ x g and1 _ y g , respectively, and rotational velocity _ u g is represented by junction 1 _ ug . The other junction pairs 1 _ moving platform. Using Equations (1)-(4), the junction structure is constructed for transforming the velocities. The 1-junctions are connected with three I-elements to show the mass (M P ) and the moment of inertia (J P ) of the platform. The source of effort that is connected to the 1 _ y g junction models the weight of the platform. The joints that connect actuators 1 and 2 are taken as frictionless joints. Similarly, the joint connecting actuator 3 is also frictionless. The flow detectors (flow sensors) are added to the velocity points for modulating the transformer elements in the model. The lengths of the three legs ''ac,'' ''ad,'' and ''ae'' are taken as L 1 , L 2 , and L 3 , respectively. The rate of change of leg lengths is represented by junctions 1 _ L 1 ; 1 _ L 2 ; and1 _ L 3 , respectively, and these are given by the following:
where m X1 = x a Àx c ð Þ 20 The mass of each cylinder is 0.01 kg and the polar moment of inertia is 0.01 kg m 2 . Each piston has mass of 0.01 kg and the polar moment of inertia is 0.01 kg m 2 . Point ''a'' connects legs 1 and 2 with frictionless pin joints and point ''b'' connects leg 3 in a similar way. The forward model given in Figure 3 can be modified to include the leg model. The dotted portion (plane impedance model) may be replaced by three actuators for considering leg inertia. In Figure 3 , the leg joints with the platform may be modeled by the C-element with stiffness K j and the R-element with damping R j connected in mechanical parallel. Here, the joints are not shown (in Figure 3 ) due to space constraints.
Inversion of the system through an overwhelming controller
The plant dynamics are overwhelmed by the controller and this controller is referred to as the overwhelming controller. It dictates the plant to follow the unaccounted dynamics. This concept has been used in the past for developing controllers for serial 24 and parallel manipulators and other applications. The schema of a third-order plant and a third-order virtual system in the controller is shown in Figure 4 (a) as an example to explain the basics of robust overwhelming control. This method is referred as physical model-based control, where a mirror image of the system is used in the controller domain for deriving control laws. 25 The velocity pick up picks the velocity of the plant and then it is compared with the reference velocity. The system in the computational domain develops the reactive force. The virtual force sensor senses this force and it is amplified with gain a. Then a real force actuator applies this amplified force to the real system. The causalled bond graph model of the integrated system is shown in Figure 4(b) . The virtual nature of the sensors and actuators used in the model is denoted by superscript *.
To overwhelm various un-modeled external disturbances or parameters, such as weight, the weight of the body is not included in the controller side. To avoid the differential causalities, a coupling capacitor or flexibility is provided at some locations. The signal flow graph corresponding to the bond graph is shown in Figure 5 . After Mason's gain rule is applied, the transfer function between the velocity of the plant mass and the reference velocity is obtained as follows:
where GðsÞ ffi H 2 ðsÞ H 2 ðsÞ = 1. Therefore, the command is followed by the plant when the amplifier gain is very large. Hence, one can apply overwhelming controller for studying the inverse dynamics of the hybrid manipulator. For the system shown in Figure 4 (a), few simulation results are discussed. The values of various parameters are shown in Table 1 . In Table 1 , the parameter values of the plant (real system) and inverse system may be considered anything as the overwhelming controller can overwhelm un-modeled parameters as well as external disturbances. As per Equation (8) , the gain (a) must have a very high value (mathematically infinite) for the minimal error between the command and the response of the plant. It is observed from Figure 6 that error between the command and the response decreases if the gain is increased from10 4 to 10 6 . The plant mass is displaced by Table 1 . Parameter values.
Sub system
Parameter values Plant M P = 10 kg K P1 = 10 6 N=m K P2 = 10; 000N=m R P = 10N s=m Inverse system M C = 1 kg K C1 = 1000N=m K C2 = 1000 N=m R C = 1N s=m k p = 10 8 N=m r p = 50 Ns=m g = 9:81 m=s 2 3.99 m as an arbitrary initial condition. The reference displacement command is a symmetric sine wave with velocity amplitude of 10 m/s and frequency of 5 rad/s. In Figure 6(a) , the response of the plant is shown for a higher value of gain (a = 10 6 ) and it is compared with a smaller gain value (a = 10 4 ) in Figure 6 (b). In Figure 7 , the comparison between displacement errors with gain values of 10 6 and 10 4 for the overwhelming controller is shown. This shows that the displacement error decreases as the gain value for the overwhelming controller is increased.
Inverse model of the planar hybrid manipulator
The inverse dynamics of the controller model for the hybrid manipulator is shown in Figure 8 . This model is a mirror image of the forward model without inertia, as shown in Figure 3 , with few modifications. 18 The plant model in Figure 3 is inverted as the input given here is x, y, and u positions of the center of gravity g and the output is force applied in three legs of the manipulator. To remove the causal loops in the model, the coupling capacitors with stiffness k p and damping r p or stiff spring-damper combinations are included in the model to represent a common velocity of two pairs and two triplets of junctions separately. Some extra pad elements are added in the model to remove the differential causality of few I-elements. The final bond graph model is very easily computed. Here, representation of various joints with the previous or next controller is explained as follows: encircled numbers 1-6 and 7-10 indicate the corresponding joints with previous controllers and the next controller, respectively. Encircled numbers 11-13 indicate the reference velocity ports in the x, y, and u directions. A pedagogical example has been considered ( Figure 4 ) to show the effectiveness of the overwhelming controller. In Figure 4 , K P 2 and R P are in series in the plant model; so, K C 2 and R C (mirror image of K P 2 and R P ) are in series in the controller (computational zone) side. So, K C 2 (mirror image of K P 2 ) and R C (mirror image of R P ) are included in Figure 8 . In the plant model, the inertias of the legs are taken into account, whereas these are not considered in the controller model because it is expected that the overwhelming controller treats this un-modeled part as a disturbance and overwhelms properly. Hence, the inverse model given in Figure 8 is not modified and used as such for the simulation of the plant with inertia.
Simulation results
Only the side bending of the human body and lateral compression and decompression are considered in this simulation. The average weight per unit vertebra in the cervical segment is 6.3 g, in the thoracic is 8.7 g, and in the lumbar is 17.9 g. Other parameters used in simulation are chosen suitably and are given in Table 2 .
Trajectory tracking
Various points of vertebrae from C 1 to L 5 were marked by fluorescent stickers on a human being by an orthopaedician for the command points (for the vertebral motion), as shown in Figure 9 (c). The snap shots (camera-Sony-a 77, Japan) of seven different positions (only three positions are shown in Figure 9 ) on the frontal plane at different angles were taken of the spinal cord in the left-hand direction for a time duration of 1.2 s. The intermediate posture of the spinal cord during left-hand bending is shown in Figure 9 (b) and the final posture is shown in Figure 9 (a). In this way, positions of the center of gravity for various points from C 1 to L 5 were noted down at different angles, assuming point L 5 as a fixed point. The Xray photography was taken only for the straight and final posture. As more than four X-rays at a time are not clinically allowed by the orthopaedician, photographs were taken for the vertebral motion in left-hand bending. The simulation of the system was performed for a time duration of 1.2 s. The reference trajectories are the displacements of the centroid of a vertebra in three directions, that is, x, y, and u for various points. These reference positions of human vertebrae were fed to the inverse model. All the points are not considered in the simulation due to the complexity of the model. Hence, only selected points, that is, C 6 , T 5 , T 10 , L 4 , and L 5 (considered as fixed vertebra) are considered here in the simulation. Then, these motions Table 2 . Parameter values.
Sub systems
Parameter values obtained from the command points are compared with the corresponding motions obtained from the response points for different positions of the spinal cord obtained from the simulation results. Figure 10(a) is a mirror image of the actual X-ray for the left-most position and Figure 10 (b) shows the straight position. As seen in Figure 10 (b), all the points do not appear in a single X-ray plate and only points from C 4 to T 11 appear in the X-ray. So, the simulation is done starting from point C 6 as points C 4 and C 5 are not clear in the X-ray. Hence, the points from C 1 to C 5 are not considered and 19 points from C 6 to L 5 are included in simulation. The lumbar spine is not shown in Figure 10 as these points do not appear in a single X-ray plate. The structure from L 1 to L 5 is very rigid and their dimensions are more than the cervical and thoracic vertebrae. The lumbar vertebrae have the capacity to withstand the load of cervical and thoracic vertebrae. Hence, the final structure with 19 plants will not be unstable.
The initial conditions for different points of the vertebrae considered here are given in Table 3 . The initial conditions are taken from the straight position of the vertebrae from the X-ray (Figure 10(b) ). The ''c'' point of the L 5 vertebra is considered as the origin of the coordinate axes. Only the initial positions of the vertebrae L 5 , L 4 , T 5 , T 10 , and C 6 are given in Table 3 .
The final results of trajectory tracking by the vertebrae for points L 4 , T 10 , T 5 , and C 6 are shown in Figures 11(a)-(d) , respectively. It is seen that the x-displacement for point L 4 varies from 22.2 to 1.534 cm and the y-displacement ranges from 20.695 to 0.676 cm. For the vertebral point T 10 , the range of displacement in the x-direction is from 210.44 to 1.833 cm and the range of displacement in the y-direction is from 1.28 to 5.958 cm. The displacement in the x-direction for the point T 5 ranges from 223.518 to 3.571 cm and the ydisplacement varies from 6.334 to 18.108 cm. The range of the x-displacement for vertebral point C 6 is from 234.9011 to 6.13 cm and the range of the y-displacement is from 10.16313 to 33.44 cm. Hence, it is observed that the simulator tracks the desired trajectory for vertebral points L 4 and C 6 with minimal error, whereas for points T 10 and T 5 the trajectory is tracked with some error, out of which the percentage error with respect to time for point T 5 is shown in Figure  11 (e). The maximum error in the x-displacement is 20% and in the y-displacement is 0.25%, which is very minimal. The forward model follows the commands fed to the inverse controllers for the controller gain of 500. If the controller gain is further increased, the error can be minimized.
Effect of leg inertia
In the plant model, the leg inertias are taken into account but these are not considered in the controller model because the controller is robust to overwhelm the unmodeled leg inertias. The initial length of actuator 1 is taken as 0.35 cm, actuator 2 is 1.266 cm, and actuator 3 is 0.502 cm. The rate of change of length for actuator 1 without inertia and with inertia is shown in Figures 12(a) decreases and gradually becomes zero and driving effort becomes steady after that time, as shown in Figure 12 (c). It is observed that the leg length for actuator 1 increases if leg inertia is taken into account. The driving effort required in actuator 1 without inertia and with inertia is shown in Figures 12(c) and (d) . If we assume all the legs to be massless, then range of driving effort is from 20.4301 to 0.40623 N to track the given trajectory. The driving effort required by actuator 1 in the case of leg inertia ranges from 20.62552 to 0.63417 N to track the same trajectory. From these simulation results, it is observed that there is 6% difference in the leg force calculated if we neglect the leg inertia. Also, the driving effort required is less if legs are considered without mass and it increases substantially with the leg inertia. 
Conclusions
The strategy of overwhelming control for a planar hybrid manipulator was implemented in this paper. Human vertebrae are taken as a hybrid manipulator and this human vertebrae model may be implemented to increase the flexibility of the body part of a humanoid robot. The trajectory tracking was done for different vertebral points. The response of the plants follows the command given to the controllers within the acceptable range. The error limit can be decreased if the gain of the overwhelming controller increases on the basis of the controller frequency and bandwidth capacity. The effect of leg inertia on the deformation rate of the leg and the required leg force was also considered. The efforts given by the controllers to the legs of the plants increase substantially when the inertia of the legs is taken into account. The future scope of work includes the workspace analysis and impedance control of the planar hybrid manipulator along with trajectory tracking for the three-dimensional hybrid manipulator. 
